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INVESTIGATION OF CRANKCASE RESONANCES IN
COMPRESSOR MODELS FOR SOUND PREDICTION
Anand Ramani, Jay Rose, Charles E. Knight and Reginald G. Mitchiner,
Department of Mechanical Engineering
Virginia Polytechnic Institute and State University
ABSTRACT
In our research, the dynamic analysis of refrigeration compressor systems has been based on the assumption of a rigid crankcase and compressor
mechanism. This paper presents results of a study where the rigid body assumption of the crankcase in the frequency range of analysis ( up to 2 KHz )
was investigated experimentally and analytically. Modeling strategies to incorporate crankcase resonances are also discussed.
Experimental modal testing on the crankcase was performed by first determining frequency response functions by impact testing. Natural
frequencies were identified at 1176, 1785, 2118, 2177,2188 and 2220Hz. Laser mobility images of the crankcase were obtained at some of these
frequencies to detennine response shapes. However, these were difficult to visualize owing to the intricate nature of the crankcase construction and
motivated fmite element modeling for the determination of modal properties.
Finite element modeling of the crankcase was challenged by inherent complications in the structure geometry. Modeling guidelines for developing
a fmite element model of such a complicated structure are presented. Eigensolution of the crankcase model revealed natural frequencies at 1251, 1904 and
2156Hz. The mode shape at 1251Hz was a torsional mode of the crankcase about an axis parallel to the crankshaft, with the cylinder bores in torsional
shear. This questions the rigid assumption of the crankcase, with its first natural frequency ( at 1176 Hz ) well within the frequency range of modeling
interest. Design modifications of the structure were tested analytically for altering its modal properties, primarily to stiffen the structure and showed a great
.
potential for redesign to make the structure more rigid.
An equivalent torsional spring-mass model for incorporating the crankcase in the compressor model is presented and suggestions for determining
the equivalent masses and stiffness are discussed.

INTRODUCTION
So far, compressor models for sound prediction purposes have been based on the assumption of a rigid internal
mechanism compared to the external housing [1]. Most compressor analysis schemes have used a rigid represeniation of
the internal components. Internally generated forces are transmitted through mounting spring components to the external
housing which is usually much flexible compared to the internal mechanism. Therefore, for sound prediction purposes, finite
element modeling of the external housing alone has been considered sufficient. Kelly and Knight [1] used the finite element
method (FEM) to construct a dynamic model of a reciprocating hermetic compressor to predict velocity responses at the
housing surface, for acoustic intensity predictions and subsequent redesign applications. Their work was co-ordinated with
experimental modal analysis. However, internal resonances were disregarded by assuming that the internal assembly was
sufficiently rigid for the frequency range of interest. This paper presents a case where the assumption of a rigid internal
unit is suspect. Crankcase resonances can be responsible for amplifying the compressor forces transmitted to the housing.
Modal testing of the crankcase, followed by a finite element analysis revealed some internal resonance modes which can be
critical in noise generation and transmission. Details of modal testing and finite element analysis followed by appropriate
modeling strategies are documented in this report.
EXPERIMENTAL MODAL ANALYSIS OF THE CRANKCASE
Experimental modal analysis on the crankcase was performed in two steps. First, a modal survey was done to
determine its resonance frequencies. Then, the crankcase was scanned with a laser Doppler vibrometer to determine the
forced frequency response shapes associated with each resonance.
The suspension of the crankcase for this work was intended to approximate free-free boundary conditions as well
as possible. The crankcase was hung with elastic cables and a conventional modal survey was then performed on the
crankcase to determine approximate resonance frequencies. This modal survey combined three impact locations and two
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response locations to result in six frequency response functions ( FRFs ). Once all six of the FRFs were obtained, they were
compared to determine one of the five points that could be used as the driving point for the shaker. This point should be
able to excite every resonance to be scanned. The FRFs found fourteen major resonances between 0 and 4500 Hz.
However, only four of these were below 2000Hz.
Once the FRFs were complete, the next step was to determine the forced frequency response shapes associated with
each resonance. This usually involved suspending the structure with the elastic cables as an approximation of free-free
boundary conditions. However, this was not possible due to the weight of the crankcase and the difficulty in turning it about
an axis while suspended for visual access by the laser. Instead, the crankcase was placed on several inches of packing foam
and more FRFs were obtained to confirm that the resonance frequencies were not changed by the new boundary conditions.
The resonances did not shift at all, but some of the mobility magnitudes decreased slightly. This was acceptable and the
scanning was done with the crankcase resting on the foam.
Before the actual scanning of the crankcase could be done, the precise resonance frequencies had to be found. The
resolution of the FRFs was 15 Hz. The actual resonance peak could be anywhere within that 15 Hz range. To determine
this frequency, the laser was set to the point on the crankcase with the highest absolute velocity. The signal from the force
gauge and the signal from the laser were both analyzed on an oscilloscope. The frequency of the excitation signal was
adjusted until the two signals were either in phase or 180 degrees out of phase. The scanning was done at this frequency.
Each of the four frequencies to be scanned were found in this manner. This method is popularly known as the phase
resonance method.
Once the frequencies were determined, the laser scanned each side of the crankcase for each frequency. Most of
the forced frequency response shapes scanned are torsional modes. This is expected, since the torsion shapes are among
the simplest mode shapes. This follows from conventional theory that the simplest mode shapes are expected to appear
before more complicated shapes.
FINITE ELEMENT MODELING OF THE CRANKCA SE
Detection of crankcase resonances within the frequency range of compressor modeling motivated FE analysis of the
crankcase for a better understanding of its dynamic characteristics and the mode shapes associated with the crankcase natural
frequencies. Further, possible excitation of any of the crankcase modes by the compressor internal forces could be
investigated.
Development of the Model
Finite element analysis was performed using CAEDS Version 4 Release 2 on an IBM RISC 6000 workstation.
Dictates of the FE software required the construction of a solid model of the crank case followed by the transfer of meshareas and mesh-volumes to the FE preprocessor. The m~sh-volume could then be meshed with solid tetrahedral elements.
The free-meshing algorithm that generated solid elements in a mesh-volume was plagued by limitations, in that the meshing
geometry had to be 'simple' in some sense. Some of the difficulties in developing an FE model of the crankcase were
(i) the combined existence of 'small' and 'large' mesh-areas meant that some element lengths were larger than the
mesh-areas, resulting in failure of the free-meshing algorithm. Therefore, smaller element lengths were required in some
local regions.
(ii) "mesh-area curvature" - spatial as opposed to planar existence of mesh-areas, and
(iii) sporadic inability of the algorithm to generate smaller elements to overcome the difficulty specified in (i).
Due to these limitations, only a crude solid model of the crankcase could be successfully meshed with solid elements
1
using the preprocessor. Again, linear tetrahedral elements are constant strain elements and perform poorly in a dynamic
analysis. Therefore, parabolic tetrahedral elements had to be used, which meant a significant increase in computation space.
This also argued in favor of a simplified model which removed element concentration from regions which contributed
inconspicuously to the overall dynamic behavior of the crankcase.

1

The free-meshing algorithm generates only tetrahedral elements; so brick or wedge elements could not be used in the mesh.
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The crankcase was made of SAE 1431 G3000 cast iron. Elastic properties of the crankcase material were required
for eigenanalysis. These were difficult to obtain from materials handbook references which only listed property ranges for
cast iron. The material density was obtained by a simple immersion test in which the weight of the crankcase and an equal
volume of displaced water were found. The volume of the object immersed guaranteed reasonable accuracy in the
experiment. The mass density was found to be 7080 Kg/m3 • The elastic modulus and Poisson's ratio were determined by
an ultrasonic test on a specimen crankcase. Velocities of shear and longitudinal waves were experimentally measured.
Formulae relating these velocities to the Young's modulus and Poisson's ratio were used to calculate the same.
Measurements were taken at three different locations of the specimen and the properties averaged. The average Young's
modulus was found to be 21.6 x 109 N/m2 with a Poisson's ratio of 0.285.
The FE model of the crankcase consisted of the primary box section with the cylinder bores and the inlet ports.
The motor supports attached to the top flange were modeled by lumped masses, restrained in rotation, for compatibility with
the dofs of the nodes of the solid elements.
With a simplified model, it was difficult to match all the mass properties of the model with those of the object
modeled. A comparison of the mass-inertia properties of the FE model and a 'true' solid model of the crankcase is shown
in Table 1. Closer correlation of the two values involved an iterative meshing procedure, requiring considerable time, and
hence it was not pursued.

TABLE 1. CRANKCASE INERTIA PROPERTY COMPARISON
Property
Mass (Kg)
Inertia (Kgm2)
lxx
lyy

I.,
l11
122
133

.
.
.

Solid model

FE model

Difference (%)

8.31

7.80

-6.14

64.62
45.79
60.54
44.04
62.29
64.62

60.28
42.67
53.31
36.28
59.71
60.28

-6.70
-6.80
-11.94
-17.62
-4.15
-6.70

* Principal moments of inertia

Eigensolution of the Crankcase Model
An eigenanalysis of the crankcase model was performed using the experimentally determined material properties.
Five natural frequencies of the crankcase were found below 3000Hz. Three of these frequencies that could be correlated
with experimental results are listed in Table 2 along with the experimental values. Two mode shapes are shown in Figure
1 and Figure 4. The first mode is seen to be a torsional mode about an axis parallel to the crankshaft. Other modes
involved flange and box motions.

The maximum difference between the analytical and experimental frequencies was -10.1 %, notwithstanding the
simplicity of the analytical model. It is also seen that there is better agreement for the third mode, compared to the first, and
slightly poorer agreement for the second mode. Other modeling errors apart, a possible reason for the discrepancy could
be the differences in the moments of inertia between the solid model and the finite element model. Model revisions were
not considered in this study because (i) the most important factor that could result in improved correlation could not be
identified and (ii) any refinement would result in an increase in the number of elements and the dofs, which imposed a
considerable strain on the available computational resources. Again, testing was performed only on one crankcase, which
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meant that the variability of the natural frequencies with different specimens, as with the empty housing, was unknown and
not ,quantified.

TABLE 3. CRANKCASE MODE SHAPE CORRELATION
Analytical
frequency (Hz)
1251
1904
2156

Experimental
frequency (Hz)

Difference

(%)

1176
2118
2177
2188

6.4
-10.1
-1.0
-1.5

Returning to the mode shapes, the first normal mode involved a yaw motion of the cylinder bores. This could prove
disastrous if forcing functions are calculated on the assumption of a rigid frame. This also cast speculations on the
crankcase, with the first frequency well within the frequency range of the noise spectrum, as being a potential noise
generator.
Crankcase Modifications
In an effort to reduce the modal activity of the crankcase, several design modifications were considered, keeping
in mind that any such modification should lend itself to manufacturing ease, while reducing the motion of the box and flange
portions, ensuring better distribution of dynamic activity over the entire structure. Some webs were added on the sides of
the box, at its end. These shifted the 1251 Hz mode to 1628 Hz. In a second modification, rigid links were included to
mimic the constraining effects of webs connecting the sides to the top and bottom. This, again pushed the first natural
frequency up to about 2061 Hz. Other frequencies also shifted likewise. New modes substituted for the original modes.
As expected, dynamic activity was more uniformly distributed over the entire crankcase, instead of being localized at the
hollow box end.

SUGGESTIONS FOR INCORPORATION IN THE COMPRESSOR MODEL
For study of a reciprocating machine within a specified frequency range, the rigid crankcase assumption is attractive
since the effects of the gas forces ( as forces, not torque effects ) can be discounted, since these forces act on both the head
and the bearings of the crankcase. Additionally, the rigid assumption permits ease of dealing with apportioning the bearing
reactions without consideration of the stiffness of the crank or the bearing mounts.
Since, in this machine, a torsional resonance of the crankcase appeared within the frequency range of interest, a
crankcase model which would replicate the dynamic behavior of the part shown in Figure 3 can be used. In this model, the
coupling stiffness would be such that the modal performance of the crankcase would reflect a resonance at the appropriate
frequency. Mass properties (total inertia, total mass, location of center of gravity etc. ) must be preserved.
The use of the divided crankcase model would necessitate accurate tracking of the rotations of the model components
and alignment of the instantaneous cylinder wall and bearing forces. Further, because of the partitioning of the part, gas
forces would need to be ascribed to the appropriate cylinder and a scheme for the division of bearing forces amongst the
appropriate bearings will be required. Such a model would then be helpful in identifying problems relating to the excitation
of the torsional oscillations of the crankcase by slap forces, for example, and many other dynamic crankcase phenomena.
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Figure 1. Crankcase mode shape at 1251 Hz
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Figure 2. Crankcase mode shape at 1904 Hz

·----1----- Torsional spring
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Figure 3. Torsional spring - mass model of the crankcase
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